Study Design. Matrix protein gene expression was determined for cells of the anulus fibrosus (AF) and nucleus pulposus (NP) regions of the intervertebral disc when cultured in AF or NP cell-conditioned medium.
The intervertebral disc is a heterogeneous structure that plays an important role in load support and flexibility of the spine. The disc has a central gelatinous nucleus pulposus (NP) containing a polydisperse population of proteoglycans and a high concentration of type II collagen. 1, 2 On the outermost periphery is the fibrocartilaginous annulus fibrosus (AF), consisting of highly organized bundles of collagen fibers that may be predominantly type I or type II collagen, depending on spatial position. The cells of the AF are fibrochondrocytic cells of mesenchymal origin, whereas cells of the NP are initially derived from notochord but are replaced by fibrochondrocytic cells of the adjacent AF and cartilage endplate with age. 1, 3, 4 These differences in cell origin and extracellular matrix composition and structure contribute to significant zonal variations in the phenotypic expression and biosynthetic activity of the disc. Cells of both NP and AF synthesize the compositionally major matrix proteins, types I and II collagen and aggrecan, as well as numerous smaller proteoglycans and noncollagenous proteins. 5, 6 The pattern for cellular biosynthesis varies, however, with both spatial position and degree of degeneration, and in response to different physical stimuli and soluble mediators. 1, 2, 7 In an early study of cytokine-induced changes in disc cell metabolism, Thompson and coworkers 8 reported changes in proteoglycan synthesis of mature canine disc explants when cultured in media supplemented with a variety of growth factors. Mature canine disc cells responded to fetal calf serum, insulin-like growth factor-1 (IGF-1), basic fibroblastic growth factor (bFGF), epidermal growth factor (EGF), and transforming growth factor-␤1 (TGF-␤1) with increased [
35 S]-sulfate incorporation, providing evidence of elevated posttranslational measures of proteoglycan biosynthesis, primarily in the fibrochondrocytic cells of the AF. Multiple investigators have corroborated and contributed to these findings that cells of the AF or NP region may respond to exogenous growth factors with changes in collagen and proteoglycan synthesis, including TGF-␤1, IGF-1, BMP-2, and BMP-7.
9 -14 Some of these effects may be related to elevated cellular proliferation or to an intrinsic stimulatory effect on transcriptional and post-transcriptional mechanisms controlling matrix protein biosynthesis. No information is available, however, on how cells of the NP and AF respond differently to these exogenous cytokines nor how these changes may be regulated.
Many of the studied cytokines are also endogenously produced and secreted by cells of the intervertebral disc, 10, 12, [15] [16] [17] suggesting that soluble mediators secreted by resident cells may play a role in regulating biosynthesis within the intervertebral disc. Of interest are the notochordal cells of the NP, which are known to express a diversity of soluble mediators during embryologic and postnatal development and growth (eg, noggin, chordin, Sonic Hedgehog [SHH], BMP-7, FGF-4). 18, 19 Notochordal cells are retained within the juvenile human and young animal intervertebral disc, and appear as large and vacuolated cells. 4, 20, 21 Numerous studies have found these postnatal notochordal cells to be biosynthetically active in vivo and in vitro, expressing high levels of mRNA for a multitude of matrix proteins. [22] [23] [24] However, the potential for the postnatal notochordal cell to regulate disc cell biosynthesis is still unknown. One study by Aguiar and coworkers 25 reported that medium conditioned by notochordal cell-containing NP cells acted to stimulate proteoglycan synthesis in fibrochondrocytic cells isolated from the NP of mature, fibrotic disc. These findings suggest that these cells may have a unique but largely unexplored potential to regulate matrix biosynthesis in the disc by secreting factors that may stimulate biosynthesis in neighboring cells. Furthermore, it is not known if the notochordal cell population itself is responsive in an autocrine or paracrine manner to soluble factors secreted locally or by neighboring fibrochondrocytic cells.
The purpose of this study was to determine and contrast the effects of disc cell-conditioned medium on NP and AF cell gene expression for important matrix proteins. Studies were performed using AF and NP cells isolated from skeletally immature porcine discs. Previous studies have shown the NP from this tissue to contain a cell population rich in notochordal cells, based on the presence of a significant number of larger and vacuolated cells that stain more intensely for actin (approximately 85% of total cells). 26 Isolated cells from disc tissue were studied in an alginate bead culture system to eliminate contributions from variations in extracellular matrix composition and the tissue micromechanical environment. 27, 28 Conditioned medium was collected separately from cells of the AF and NP to test for a differential effect of media generated by these two cell types. Gene expression for type I and type II collagens and aggrecan was quantified with real-time reverse transcriptasepolymerase chain reaction (RT-PCR) to detect shifts in AF or NP cellular biosynthesis after exposure to either pool of conditioned medium.
Materials and Methods
Cell Culture. Lumbar spines were obtained from 4-to 5-month-old pigs following sacrifice and storage for 1 to 2 days at 4°C (Nahunta Packing, Pikesville, NC). Spines were dissected clean of soft tissue and the intervertebral discs were exposed. Tissue was separated from regions corresponding to the outer AF and inner NP. Tissue from the intermediate transition zone was discarded. Cells were isolated using a sequential pronase-collagenase digestion 22 and expanded in monolayer for two subcultures. A previous study demonstrated that two subcultures does not significantly modify the pattern of gene expression of collagens or aggrecan in this cell population. 24 Cells from AF and NP (2 ϫ 10 6 cells/mL) were separately suspended in 1.2% alginate dissolved in 150 mmol/L NaCl (alginic acid, sodium salt, low viscosity; Sigma Chemical, St. Louis, MO). Crosslinked alginate beads were formed by dropwise addition of the mixture into 102 mmol/L CaCl 2 , followed by washing with sterile, isotonic saline. 22 The AF or NP cell-laden beads were placed in 12-well culture plates (30 beads: 1 ϫ 10 6 cells/well) with 2 mL serum-free culture media per well (OPTI-MEM I Reduced Serum Media; GIBCO BRL, Grand Island, NY; 25 g/mL ascorbic acid, 100 U/mL penicillin, 100 g/mL streptomycin, and 1 g/mL Fungizone). To generate conditioned media, cell-laden beads were cultured at 37°C and 5% CO 2 for 3 days. The media was changed once after the first 24 hours of culture. Conditioned media was removed after the next successive 48 hours of culture, placed in cryogenic vials, and stored at Ϫ80°C. AF and NP cells were released from alginate using dissolving buffer (55 mmol/L Na-citrate and 150 mmol/L NaCl), lysed and stored at Ϫ80°C. These cells, which were incubated in serum-free culture media for 48 hours, served as a control group (0% conditioned medium) for comparison with cells cultured in supplemented media, as described subsequently and in Figure 1 .
A second set of cell-laden beads was prepared as described. After the first 24 hours of cell culture, culture media was replaced with 50% conditioned media (from either AF or NP) and cultured for an additional 48 hours, as shown in Figure 1 . This protocol ensured that an adequate concentration of essential nutrients was available in the media for these cells. 29 Cells were released from the alginate and stored at Ϫ80°C. Using this protocol, both NP and AF cells were cultured in the presence of Figure 1 . Study design for conditioned media applied to AF (circle) and NP (square) cells. Cells were suspended in alginate beads and allowed to stabilize for 24 hours before beginning conditioned medium study. Control cell-gel constructs were cultured in serum-free (OPTI-MEM I) culture medium only, whereas experimental groups received AF-and NP-conditioned medium as shown. media from either AF or NP cells for a total of four experimental groups.
Real-Time Reverse Transcriptase-Polymerase Chain Reaction. Total RNA was extracted from the cells with RNeasy mini kit plus DNase I digestion according to the manufacturer's instructions (Qiagen, Valencia, CA). To obtain sufficient RNA for analyses, RNA was pooled into two sample groups for each treatment condition (3 ϫ 10 6 cells; 3 wells). The RNA was of high quality with an average OD260/OD288 ratio of 1.86. Quantification of mRNAs was performed by real-time RT-PCR with a Smart Cycler system (Cepheid, Sunnyvale, CA). Porcine-specific PCR primers plus one fluorescently labeled intron-spanning probe were designed for aggrecan, collagen I(␣1), and collagen II(␣1) as previously described. 30 Twenty ng total RNA was used in a 1-step RT-PCR reaction with both Multiscribe reverse transcriptase and Amplitaq Gold polymerase (PE Applied Biosystems). The final concentration of reagents in each PCR reaction (25 L total volume) was 1X Taqman buffer gold, 300 nmol/L each of the forward and reverse primer, 200 nmol/L probe, 300 nmol/L each dNTP, 5.5 mmol/L MgCl 2 , 0.025 U/L AmpliTaq gold, 0.25 U/L Multiscribe reverse transcriptase, 0.4 U/L RNase inhibitor. The cycle parameters were 48°C for 30 minutes to reverse transcribe the RNA, 95°C for 10 minutes to activate the Taq DNA polymerase, then 40 cycles of 95°C for 15 seconds denaturation, followed by 60°C for 45 seconds for annealing and extension. A 2-step RT-PCR protocol was used to amplify the type II collagen mRNA only. In the 2-step protocol, RNA was reverse transcribed into cDNA in a separate reaction; this cDNA was subsequently analyzed with real-time PCR as described previously without the reverse transcription step. The reverse transcription reaction was performed in a 20-L volume with 200 ng total RNA, 50 mol/L random hexamers, 10 mmol/L dNTP, 25 mmol/L MgCl 2 , and 50 U/L SuperScript II RT (Invitrogen Life Technologies, Carlsbad, CA) under the following conditions: 42°C for 52 minutes, 70°C for 15 minutes. 18S rRNA was amplified as an internal control (Taqman ribosomal RNA control reagents kit-VIC Probe; PE Applied Biosystems). The 18S ribosomal RNA message levels were found to be constant across groups, and thus served as an appropriate internal control, with no difference in 18S levels among groups with varying media treatments (P ϭ 0.28, 2-factor, repeated-measures analysis of variance [ANOVA] ). The amplification efficiency of each target (E t ) and for the 18S rRNA control have been found to be close to 1, as reported in our previous study. 30 One hundred nmol/L of probe and primers were used in each 1-step RT reaction. Four replicates were run for each PCR reaction, unless otherwise indicated.
Statistical Analysis. For mRNA quantification, the relative amounts of the target genes were calculated by the comparative C t method, in which C t denotes the cycle number for fluorescence detection above a threshold level (User Bulletin 2; PE Applied Biosystems). The difference in C t (⌬C t ) between a target gene (e.g., aggrecan) and the internal control (18S) was calculated for each sample. A 2-factor ANOVA with repeated measures on sample replicates was performed to test for a difference in ⌬C t values with conditioned media (50% AF, 50% NP, or 0% control) and between cell types (AF, NP). When a significant difference was detected, the difference in ⌬C t values between the experimental and control groups (denoted as ⌬⌬C t ) was determined using Fisher's post hoc tests. Finally, transcript level (x) was calculated relative to the 0% control by the equation x ϭ 2 -⌬⌬Ct to present fold-differences in mRNA levels. Results were considered significant for x greater than a 2-fold difference and for a significance level for ANOVA or Fisher's tests of 0.05, unless otherwise indicated.
For type II collagen gene expression, data for amplification of the 18S rRNA internal control was not available, and only 2 replicate measures were obtained for each sample as a result of limited quantities of available RNA. Thus, a 2-factor ANOVA and Fisher's post hoc test were used as described previously to detect a difference in C t values among experimental and control groups and between AF and NP cell types. In addition, the fold-difference in mRNA levels between experimental and control groups was calculated as x ϭ 2 -⌬Ct , in which ⌬C t represents the difference in C t values. Extensive evaluations of type II collagen gene expression performed using real-time and competitive PCR have shown that the absence of an internal control does not impact the experimental result when the observed fold-differences in gene expression exceed three. Table 1 for all targets and experimental groups studied. Greater amounts of target gene RNA are represented by a smaller ⌬C t measurement. There was evidence of a significant but differing effect of conditioned media on aggrecan and type II collagen gene expression in cells of the AF and NP (P Ͻ 0.05, interaction effect, ANOVA). In general, gene expression for these proteins was increased by periods of culture with any conditioned medium in AF cells ( Figure  2 ), but not NP cells (Figure 3 ). AF cells responded to conditioned media with a 5.2-fold increase in aggrecan gene expression when cultured in AF-conditioned me- In contrast, gene expression in NP cells for all three matrix proteins was unchanged or slightly downregulated by periods of culture in conditioned medium (Figure 3) . Aggrecan gene expression decreased by an average of 3.2-fold in NP cells when cultured in NPconditioned medium (Ϯ SEM interval ϭ 4.4-to 2.3-fold; P ϭ 0.08, Fisher's test). A similar, but more variable, trend was observed in NP cells after culture in AFconditioned medium (2.5-fold decrease, P Ͼ 0.1). Type II collagen gene expression was also observed to decrease by an average of 16-fold in NP cells when cultured in NP medium (12-to 25-fold; P Ͻ0.01) but not AFconditioned medium (P Ͼ 0.5). There was no evidence of an effect of any conditioned media on type I collagen gene expression for NP cells (P Ͼ 0.1, AF-or NPconditioned medium).
Results

Values for ⌬C t are shown in
Overall, there was evidence of a significant effect of cell type on aggrecan (P Ͻ 0.01, ANOVA), type I collagen (P Ͻ 0.01, ANOVA), and type II collagen gene expression (P Ͻ 0.001, ANOVA). Post hoc analyses of the transcript levels for control samples (0% conditioned media) calculated from ⌬C t values indicate that average mRNA levels for type I collagen were lower in NP cells (P ϭ 0.18), and mRNA levels for type II collagen were higher (P Ͻ 0.01), as compared with AF cells. This general trend has been shown previously for disc cells in alginate culture. 22 Gene expression for aggrecan was not found to differ between AF and NP cells (P Ͼ 0.5).
Discussion
The results of this study suggest that AF and NP cells cultured in a 3-dimensional gel respond to conditioned medium in dramatically different manners. AF cells cultured in alginate with conditioned medium exhibited a change in the pattern of gene expression toward that more characteristic of a chondrocyte, as demonstrated by increased expression levels for type II collagen and aggrecan. This effect does not appear to arise from any factor uniquely secreted by any one cell type, because conditioned media from both NP and AF cells had the same effect on upregulating gene expression in AF cells. In contrast, conditioned medium generally acted to inhibit gene expression for all matrix proteins studied in the notochordal cell-containing NP cells with a trend toward greater inhibitory effect when NP cells were cultured in the NP-conditioned medium.
Conditioned medium from notochordal cellcontaining NP cells was previously shown to increase proteoglycan synthesis (ie, 35 S incorporation) in fibrochondrocytic NP cells isolated from fibrous, mature NP. 25 The current findings of a stimulatory effect of NPconditioned media on collagen and aggrecan gene expression for cells of the AF are consistent with this prior study, because fibrochondrocyte-like cells are expected to populate the mature NP of the bovine spine examined in the prior study. The current study provides new information showing that AF-conditioned medium has a stimulatory effect on gene expression, similar to that of the NP-conditioned medium. Taken together with the prior study of post-translational measures of proteoglycan synthesis, our studies suggest that proteoglycan synthesis in fibrochondrocyte-like cells after incubation with conditioned media may be regulated, in part, at the transcriptional level.
Although the effects of conditioned medium on disc cells have been little studied, several studies have documented the effects of conditioned medium on precursor and chondrocytic cells. In one study, Elder 29 exposed chick limb bud cells to conditioned medium from dynamically compressed cells, and found a 9-fold increase in cell number and a 5-fold increase in the rate of [ 35 S] sulfate incorporation. The author concluded that the secretion of one or more soluble factors is an element of the limb bud cells' response to compressive loading, with evidence that the specific stimulatory factors in their conditioned media may have a molecular weight between 10 and 30 kDa. Proteins of this size could include the growth factors TGF-␤1, BMP-2, and IGF-1, as well as numerous other cytokines that are known to stimulate biosynthesis in cells of the mature intervertebral disc. 8, 9, [12] [13] [14] In the current study, the cytokines responsible for the increase in aggrecan and type II collagen gene expression in AF cells are unknown, as are the cytokines responsible for the observed nonresponsiveness or inhibition of gene expression in NP cells. However, the similarity of results for AF-and NP-conditioned media suggest that the specific stimulatory or inhibitory factors are secreted at effective concentrations by both NP and AF cells.
An additional mechanism by which the AF cells may exhibit increased mRNA levels for collagen and aggrecan is through elevated proliferation after exposure to conditioned medium. Coculture experiments have shown that AF and NP cells influence each other in vitro and demonstrate enhanced proliferation in coculture as compared with culture of a single cell type. 31 In this study, cellular proliferation was not quantified over the culture period; however, a 3-dimensional alginate gel culture system was used, which is known to minimize cellular proliferation in chondrocyte-like cells and cells of the intervertebral disc. 27, 32 Thus, it is unlikely that cell proliferation alone could explain the substantial increases in mRNA levels for aggrecan and type II collagen in AF cells after 2 days of culture.
A major finding of the current study was the downregulation of matrix protein gene expression after exposure to conditioned medium in most of the experiments performed with NP cells containing a high population of notochordal cells. Fibrochondrocytic cells in the NP of mature dog, 8 cow, 12 and rabbit 11, 14 have been found to respond to soluble factors such as cytokines in culture or in vivo. However, prior studies of the immature porcine cell population have revealed that the NP cells do not substantially respond to physical stimuli such as altered osmotic stimuli (hypo-or hyperosmotic loading) 30 nor to periods of static compressive strain in vitro. 33 Exposing NP cells to hypoosmotic culture conditions for a 4-hour period did not result in any changes in gene expression for types I or II collagen, nor aggrecan, whereas hyperosmotic culture conditions resulted in a small downregulation in mRNA levels for the small proteoglycans, biglycan, decorin, and lumican. 30 In contrast, AF cells responded to the same stimuli with an upregulation of many of these same genes. A similar pattern of responsiveness for AF cells, but not NP cells, to static compression has been observed. 33 Nevertheless, the NP cells are biosynthetically active, as evidenced by high levels of gene expression for collagen and aggrecan, as studied here and elsewhere. These results suggest that AF and NP cells respond in dramatically different manners to the same cytokines, and possibly physical stimuli, within the same system. These differences may be the result of differing physical interactions with their extracellular matrix (e.g., integrins), as well as differences in the expression of membrane-bound receptors. Additional investigations of these differences between cell types may reveal the specific mechanisms by which the fibrochondrocytic AF cells and notochordal cell-containing NP respond to chemical and physical stimuli, as well as those specific characteristics that ultimately lead to cellular changes such as death and attrition that contribute to intervertebral disc degeneration. Understanding these differences in responsiveness between cells of the intervertebral disc may reveal unique stimulatory factors important to repair and regeneration of the degenerated intervertebral disc.
Key Points
• Cells of the fibrocartilaginous anulus fibrosus (AF) and notochordal cell-containing nucleus pulposus (NP) of the intervertebral disc respond in dramatically different manners to conditioned medium derived from AF and NP.
• AF cells were stimulated by the conditioned medium, with an approximate 5-fold increase in aggrecan gene expression, and an approximate 15-fold increase in type II collagen gene expression, independent of the source of conditioned medium.
• Gene expression in the notochordal cellcontaining NP was not stimulated by any conditioned medium, suggesting that differences exist in the responsiveness of cells of notochordal and fibrocartilaginous phenotypes.
• Understanding these differences in responsiveness between cells of the intervertebral disc may reveal unique stimulatory factors important to repair and regeneration of the degenerated intervertebral disc.
